The tyrosine kinase JAK2 is a key signaling protein for at least 20 receptors in the cytokine/hematopoietin receptor superfamily and is a component of signaling by insulin receptor and several G-protein-coupled receptors. However, there is only limited knowledge of the physical structure of JAK2 or which of the 49 tyrosines in JAK2 are autophosphorylated. In this study, mass spectrometry and two-dimensional peptide mapping were used to determine that tyrosines 221, 570, and 1007 in JAK2 are autophosphorylated. Phosphorylation of tyrosine 570 is particularly robust. In response to growth hormone, JAK2 was rapidly and transiently phosphorylated at tyrosines 221 and 570, returning to basal levels by 60 min. Analysis of the sequences surrounding tyrosines 221 and 570 in JAK2 and tyrosines in other proteins that are phosphorylated in response to ligands that activate JAK2 suggests that the YXX[L/I/V] motif is one of the motifs recognized by JAK2. Experiments using JAK2 with tyrosines 221 and 570 mutated to phenylalanine suggest that tyrosines 221 and 570 in JAK2 may serve as regulatory sites in JAK2, with phosphorylation of tyrosine 221 increasing kinase activity and phosphorylation of tyrosine 570 decreasing kinase activity and thereby contributing to rapid termination of ligand activation of JAK2.
JAK2 is a tyrosine kinase that is activated by approximately two-thirds of the cytokine/hematopoietin superfamily of receptors, including the receptors for growth hormone (GH), erythropoietin, prolactin, thrombopoietin, leptin, ciliary neurotrophic factor, cardiotropin-1, interleukins (ILs) 2 to 6, 11 to 13, and 23, leukemia inhibitory factor, oncostatin M, granulocyte colony-stimulating factor, granulocyte-macrophage colonystimulating factor, and gamma interferon (4, 31, 36, 40) . These receptors mediate signaling in numerous cell types, with effects as diverse as regulation of body growth, lactation, satiety, hematopoiesis, and various components of immune function (35) . For many if not all of these receptors, activation of JAK2 is the initiating step in ligand-dependent signaling. More recently, JAK2 has been shown to be a component of signaling downstream of insulin receptor (43) and several G-proteincoupled receptors, including the receptors for angiotensin II, serotonin, ␣-thrombin, and luteinizing hormone (reviewed in reference 38). In contrast to its essential role in signaling by cytokine/hematopoietin receptors, JAK2 does not appear to be the primary signaling event with the G-protein-coupled receptors (38) . Indeed, in the case of the angiotensin II receptor, JAK2 must be activated before it can associate with the receptor (48) .
Despite the fact that JAK2 is absolutely essential for signaling by multiple hormones, cytokines, and growth factors and contributes to signaling by additional ones, there is only limited knowledge of the actual physical structure of JAK2 or which of the 49 tyrosyl residues in murine JAK2 are phosphorylated. Two-dimensional (2-D) peptide mapping demonstrated that both tyrosines 1007 and 1008 in JAK2 are phosphorylated (14) . The sequence surrounding the tyrosines at 1007 and 1008 of JAK2 has considerable homology to the activation loop of insulin receptor. Phosphorylation of the tyrosines in insulin receptor that are homologous to tyrosines 1007 and 1008 in JAK2 is required for activation of the insulin receptor. Mutagenesis studies have demonstrated that tyrosine 1007 but not tyrosine 1008 in JAK2 is essential for activation of JAK2 (14) . Tyrosine 1007 has also been reported to bind the negative regulator of cytokine signaling SOCS1 (59), SOCS3 (47) , and the phosphatase PTP1B (32). Carpino et al. (10) referred to unpublished data that show tyrosine 966 in JAK2 to be a major site of phosphorylation. The latter group isolated a protein (p70) from DA3 cells treated with IL-3 using immobilized phosphopeptide containing phosphotyrosine 966 as an affinity matrix (10) . The function of this protein has not yet been determined. Within the JAKs (JAK1, JAK2, JAK3, and TYK2), seven tyrosines corresponding to amino acid numbers 119, 254, 372, 766, 790, 966, and 1021 in murine JAK2 are conserved. Each of these tyrosines was individually mutated to phenylalanine. When this series of JAK2 mutants was expressed in ␥2A cells, which lack endogenous JAK2, all of the JAK2 mutants were catalytically active. Each retained the ability to undergo tyrosyl phosphorylation and to mediate gamma interferon-inducible association of Stat1 with the sis-inducible element of the c-fos gene (28) . With the exception of tyrosine 966, it is unknown if any of the tyrosines mutated in this experiment are phosphorylated. Clearly, with 49 tyrosines in JAK2, knowledge of the tyrosines in JAK2 that are phosphorylated will facilitate determining the role that individual tyrosines play in regulating the kinase activity of JAK2. This knowledge will also facilitate the search for proteins that bind JAK2.
The determination in this study that tyrosines 221 and 570 in JAK2 are prominent sites of autophosphorylation provides critical information about JAK2 signaling. These two tyrosines are potential regulatory sites in JAK2. The phosphorylation of tyrosine 221 increases the kinase activity of JAK2, while phosphorylation of tyrosine 570 appears to have an inhibitory effect. Analysis of the sequences surrounding tyrosines 221 and 570 in JAK2, as well as tyrosines known to be phosphorylated in other proteins in response to ligands that activate JAK2, suggests that YXX[L/I/V] is at least one of the motifs recognized by JAK2.
5Ј-GAAGAGAAGTTGGAGATTtTGGTCAACTGCACAAAACGG-3Ј; for JAK2 Y1007F the primer was 5Ј-GCCGCAGGACAAAGAATtCTACAAAGT AAAGGAGCC-3Ј. Mutations were verified by DNA sequencing. Amino acids in JAK2 are numbered according to NCBI accession number NP_032439.
Purification of JAK2 overexpressed in Sf9 cells. Spodoptera frugiperda (Sf9) cells were obtained from Invitrogen and grown at 28°C in Sf-900 II SFM. A spinner flask containing 2 ϫ 10 6 S. frugiperda (Sf9) cells/ml was inoculated with baculovirus (multiplicity of infection ϭ 3.5) and grown at 28°C for 48 h. Cells were harvested by centrifugation at 500 ϫ g for 5 min. The pellet was resuspended in lysis buffer (50 mM Tris, 150 mM NaCl, 2 mM EGTA, 1 mM Na 3 VO 4 , 0.1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 10 g of aprotinin/ml, 10 g of leupeptin/ml; pH 7.5), with 6 ml of lysis buffer per g (wet weight). The lysed cells were centrifuged at 14,000 ϫ g for 10 min. Five-hundred-microliter aliquots of lysates were incubated with ␣-JAK2 on ice for 2 h. Immune complexes were rotated with protein A-agarose for 1 h at 4°C and washed three times with 50 mM Tris, 0.1% Triton X-100, 137 mM NaCl, 2 mM EGTA, and 1 mM Na 3 VO 4 (pH 7.5). Immunoprecipitated proteins were boiled for 5 min in 60 mM Tris-HCl (pH 6.8), 25% glycerol, 2% sodium dodecyl sulfate (SDS), and 14.4 mM ␤-mercaptoethanol. Proteins were resolved on SDS-5-to-12% polyacrylamide gel electrophoresis (PAGE) gels, stained with Coomassie blue (1 g of Coomassie blue/ml in isopropanol-acetic acid-water [10:2.8:27.2]), and destained with isopropanol-acetic acid-water (2:2.8:35.2). The JAK2 band was cut from the gel. The JAK2 from 20 immunoprecipitations was pooled for analysis by mass spectrometry.
Detection of phosphorylation sites by MS. JAK2 was subjected to in-gel reduction and S-carboxyamido methylation followed by in-gel digestion with trypsin (49) . Sequence analysis for phosphorylation at Y221 and Y1007 of JAK2 was performed at the Harvard Microchemistry Facility using microcapillary reverse-phase high-performance liquid chromatography nanospray tandem mass spectrometry (LC/MS/MS). Briefly, the peptide mixture was subjected to a reverse-phase microcapillary column packed with POROS R2, directly coupled to the nanoelectrospray ionization source of a triple quadripole ion trap mass spectrometer (Finnigan LCQ). This configuration is capable of acquiring highresolution sequence (MS/MS) spectra for multiple peptides in the chromatography run. To detect phosphorylation at tyrosines 570 and 1007, detailed structural analysis of JAK2 tryptic peptides was performed in the laboratory of O. N. Jensen at the University of Southern Denmark using nanoscale sample preparation methods in combination with matrix-assisted laser desorption-ionization (MALDI) time-of-flight MS (REFLEX IV; Bruker Daltonics, Bremen, Germany) and nanoelectrospray quadrupole time-of-flight MS/MS (QTOF-1 [Waters/Micromass, Manchester, United Kingdom] and QSTAR Pulsar [Applied Biosystems/MDS-Sciex, Toronto, Canada]) (52) . The protein digest was loaded onto two microcolumns (GELoader tips; Eppendorf, Hamburg, Germany) aligned in series, the first containing POROS R2 and the second containing OLIGO R3 material (Applied Biosystems, Framingham, Mass.) as described previously (18, 33) . The columns were separated, and the fractionated peptide mixture was desalted by washing each column with 10 l of 5% formic acid. The columns were step eluted with 20% and then 40% methanol in 5% formic acid directly into nanoelectrospray needles (Proxeon Biosystems A/S, Odense, Denmark) or onto the MALDI target and subjected to MS analysis. Phosphopeptide candidates detected in the MALDI-MS or the nanoelectrospray MS experiments were sequenced by nanoelectrospray Q-TOF MS/MS as described elsewhere (52) . Precursor ion scanning (PSI) experiments for selective detection of tyrosine-phosphorylated peptides were performed on the QSTAR Pulsar quadrupole time-of-flight mass spectrometer equipped with a nanoelectrospray ion source (Proxeon Biosystems). PSIs for the phosphotyrosine-specific immonium ion, m/z ϭ 216.043, were acquired with a dwell time of 50 ms at a step size of 0.5 Da with the Q 2 -pulsing function turned on. The collision energy was ramped over the m/z range proportional to 1/10 of the m/z value of the precursor ion, i.e., the collision energy was ramped from 35 to 100 V for the normally used scan range of m/z 350 to 1,000 (50, 51) .
Cell culture and transfection. The stock of murine 3T3-F442A fibroblasts was kindly provided by H. Green (Harvard University). 3T3-F442A cells and 293T cells were cultured in DMEM supplemented with 8% calf serum and 100 U of penicillin per ml, 100 g of streptomycin per ml, 0.25 g of amphotericin B per ml, and 1 mM L-glutamine. 3T3-F442A cells were incubated overnight in SFM containing 1% bovine serum albumin before adding GH. 293T cells were transfected using calcium phosphate precipitation (11) . Plates (10 cm) were transfected with 1.5 g of JAK2, 1.0 g of Stat5b, and/or 1.0 g of SH2-B␤ as indicated, and empty expression vector was used to normalize the total amount of DNA in transfections to 2.5 g of DNA. At 6 h after transfection, cells were washed twice with DMEM and incubated with feeding medium. Cells were used 24 h posttransfection.
Immunoprecipitation and Western blotting. Cells were washed with ice-cold PBSV (10 mM sodium phosphate, 137 mM NaCl, 1 mM Na 3 VO 4 ; pH 7.4) and solubilized in lysis buffer. The lysed cells were centrifuged at 14,000 ϫ g for 10 min. The supernatant (cell lysate) was incubated with the indicated antibody on ice for 2 h. Protein A-agarose was added, and the vials were rotated for 1 h at 4°C. The immune complexes were washed with 50 mM Tris, 0.1% Triton X-100, 137 mM NaCl, 2 mM EGTA, and 1 mM Na 3 VO 4 ; pH 7.5. The immunoprecipitated proteins were resolved by SDS-PAGE, transferred to nitrocellulose, immunoblotted with the indicated antibodies, and visualized using enhanced chemiluminescence or the Odyssey infrared imaging system (LI-COR Biosciences; for Fig. 7 , below, only). When indicated, the blots were stripped in 100 mM ␤-mercaptoethanol, 2% SDS, and 62.5 mM Tris-HCl, pH 6.8, at 50°C for 20 min and then reprobed with a different antibody. Each experiment was repeated at least three times.
In vitro kinase assay. In vitro kinase assays were performed as described previously (3) . Briefly, cells were washed with phosphate-buffered saline and solubilized in lysis buffer in the absence of Na 3 VO 4 . Cell lysates were incubated with ␣-JAK2. The immune complexes were precipitated using protein A-agarose and washed with lysis buffer (no Na 3 VO 4 ) and then once with kinase buffer (50 mM HEPES, 100 mM NaCl, 5 mM MnCl 2 , 0.5 mM dithiothreitol, 1 mM Na 3 VO 4 ; pH 7.6). The immobilized JAK2 was incubated in kinase buffer containing 0.5 mCi of [␥-
32 P]ATP, 40 g of aprotinin/ml, and 40 g of leupeptin/ml at 30°C for 30 min, washed five times with lysis buffer, and eluted by boiling in a mixture (80:20) of lysis buffer and SDS-PAGE sample buffer. Proteins were resolved by SDS-PAGE (5-to-12% gradient), transferred to nitrocellulose, and visualized by autoradiography or with a phosphorimager (Bio-Rad model 505).
In vivo labeling. 293T cells were transfected with cDNA encoding SH2-B␤ and mutant or wild-type JAK2. Twenty-four hours after transfection, the medium was replaced with phosphate-free DMEM containing 1% bovine serum albumin. One millicurie of [ 32 P]orthophosphate (ICN) was added, and the incubation continued for 4 h. Cells were treated for 6 min with pervanadate. Pervanadate was prepared by mixing 430 l of 100 mM Na 3 VO 4 with 10 l of 30% H 2 O 2 and incubating at room temperature for 20 min. The solution was cooled on ice and added to cell medium to yield a final concentration of 100 M NaVO 4 , 200 M H 2 O 2 . The cells were then lysed, and JAK2 was immunoprecipitated using ␣-JAK2.
Phosphopeptide mapping and phospho-amino acid analysis. 2-D phosphopeptide mapping and phospho-amino acid analysis were performed as previously described (8) . Briefly, 32 P-labeled JAK2 was cut from the nitrocellulose, washed with H 2 O, soaked in 100 mM acetic acid containing 0.5% polyvinylpyrrolidone at 37°C for 30 min, washed with H 2 O, and digested with 5 g of sequencing-grade methylated trypsin at 37°C for 4 h. Approximately 90% of the 32 P was recovered. The digested peptides were lyophilized, oxidized with performic acid, and relyophilized. Peptides were separated by thin-layer electrophoresis (TLE) followed by thin-layer chromatography using phospho-chromatography buffer (8) . For phospho-amino acid analysis, 32 P-labeled peptides were scraped from the cellulose plate and eluted with pH 1.9 buffer (8) . Eluted peptides were mixed with phospho-amino acid standards, subjected to acid hydrolysis in 6 N HCl at 110°C for 60 min, and resolved by TLE at pH 3.5. Phospho-amino acid standards were visualized by using ninhydrin, and 32 Plabeled spots were visualized by autoradiography or with a phosphorimager.
Determination of theoretical migration of spots on 2-D peptide maps. A program was written in Microsoft Excel that calculates the theoretical migrations of peptides in 2-D peptide maps based on the parameters of Boyle et al. (8) .
RESULTS
MS identifies tyrosines 221, 570, and 1007 in JAK2 as sites of phosphorylation. Tyrosyl phosphorylation has been shown to be required for activation of many signaling pathways. As an initial step in determining the role of phosphorylated tyrosines in JAK2 in the actions of the cytokines, we set out to identify tyrosines in JAK2 that are phosphorylated. When JAK2 is overexpressed at high levels, a portion of the expressed JAK2 is constitutively active (34) . To obtain sufficient JAK2 for analysis, murine JAK2 was overexpressed in Sf9 cells. The overexpressed JAK2 was solubilized, highly purified by immunoprecipitation using ␣-JAK2, and resolved by SDS-PAGE. An estimated 15 pmol of JAK2 was digested in-gel with trypsin and analyzed using LC/MS/MS. A total of 120 MS/MS spectra were obtained from the tryptic digest of JAK2. The sequences IQDYHILTR (residues 218 to 226) and VLPQDKEYYK (residues 1000 to 1009) were detected and identified to respectively contain phosphorylation at tyrosine 221 and 1007 ( Fig. 1) .
To identify additional sites of phosphorylation, the tryptic digest of JAK2 was fractionated by passing over a POROS R2 microcolumn and then an OLIGO R3 column, followed by MALDI-MS and nanoelectrospray MS/MS analysis of the concentrated, desalted, and eluted peptides. The MALDI-MS tryptic peptide mass map of JAK2 displayed a peptide ion signal consistent with phosphorylation of Tyr-1007 (data not shown). The phosphorylation at tyrosine 1007 was confirmed by amino acid sequencing by nanoelectrospray quadrupole time-of-flight MS/MS ( Fig. 2A) . In a separate experiment, the fraction that was retained on the OLIGO R3 microcolumn was eluted first with 20% methanol in 5% formic acid and then with 40% methanol in 5% formic acid. These two fractions were both analyzed by nanoelectrospray MS. The MS survey scan of the material eluted with 20% methanol revealed only some minor multiply charged ion species ( (14); therefore, subsequent analysis concentrated on tyrosines 221 and 570 in JAK2. 2-D peptide mapping was used to confirm that tyrosines 221 and 570 are sites of JAK2 autophosphorylation. Constructs encoding JAK2 with the tyrosine at 221 or 570 mutated to phenylalanine were created. Wild-type and mutant JAK2 were expressed in human epithelial kidney 293T cells, isolated using ␣-JAK2, and subjected to an in vitro kinase assay in the presence of [␥-32 P]ATP (Fig. 3A) . 32 P-labeled JAK2 was detected for all three forms of JAK2; however, the amount of 32 P label detected for JAK2 Y221F was considerably less than for wildtype JAK2. In contrast, the amount of 32 P label associated with JAK2 Y570F was greater than for wild-type JAK2. The expression of JAK2, JAK2 Y221F, and JAK2 Y570F was similar (Fig.  3B ). 2-D peptide maps of wild-type JAK2 contained at least 23 spots ( Fig. 3C and E) . The two wild-type JAK2 2-D peptide maps shown in Fig. 3C and E are from separate experiments. Although the pattern of the spots in the 2-D peptide maps of wild-type JAK2 was fairly consistent, there was considerable experiment-to-experiment variation in the relative intensity of some of the spots. Therefore, to determine with confidence that a specific tyrosine-to-phenylalanine mutation correlated with the disappearance of a specific spot, only JAK2 and the JAK2 mutants from tryptic digests run simultaneously were compared. In addition, a spot was determined to have disappeared only if a dark exposure of the 2-D peptide map of the tyrosine-to-phenylalanine mutant in question lacked a spot that was present in the maps of all the other JAK2 constructs carried out on the same day. When tyrosine 221 was mutated to phenylalanine, spot 1 disappeared (Fig. 3C and D) . Mutation of tyrosine 570 to phenylalanine led to the elimination of spots 2 and 3 ( Fig. 3E and F) . Consistent with two spots disappearing when tyrosine 570 is mutated to phenylalanine, the arginine prior to tyrosine 570 is followed by a glutamate. Because trypsin cleaves the sequence arginine-glutamate inefficiently (8) , two peptides containing tyrosine 570 were expected. The relative intensity of some of the spots in the maps of JAK2 Y221F and JAK2 Y570F differed from that of the corresponding spots in the map of wild-type JAK2. For example, the spot directly below spot 1 was darker in the map of JAK2 Y221F than in the maps of JAK2 or JAK2 Y570F, and the spot directly above spot 2 was darker in the map of JAK2 Y570F than in the map of JAK2. Because these differences in relative intensity were not consistently seen, their significance is uncertain. Phospho-amino acid analysis substantiated that the spots corresponding to tyrosine 221 and tyrosine 570, as well as undigested 32 P-labeled JAK2, were phosphorylated primarily on tyrosine (Fig. 3G) .
When one looks at the 2-D peptide maps of JAK2 (Fig. 3) , it is readily apparent that the peptides migrate more or less in four vertical columns. The theoretical charge on the N-terminal and C-terminal ends of peptides and on the amino acid side chains at pH 1.9, is Ϫ1, 0, or ϩ 1 (8) . Because migration in the TLE direction depends mostly upon charge, the four columns of spots visualized in the 2-D peptide maps of JAK2 likely corresponded to charges of 0, ϩ1, ϩ2, and ϩ 3. Because the peptide mass also influences migration in the TLE direction, the variation in horizontal migration, especially evident in the spots in the ϩ1 column, most likely arose from differences in the masses of the various tryptic peptides. The theoretical migrations of the peptides associated with tyrosines 221 and 570 are plotted in Fig. 4 . From Fig. 3 , the peptide associated with tyrosine 221 would be expected to have a charge of ϩ2. For the theoretical tryptic peptide containing tyrosine 221 (IQDpYHILTR) to have a charge of ϩ2, only a single amino acid residue would be phosphorylated. Therefore, in this peptide tyrosine 221, but not threonine 225, is predicted to be phosphorylated. The two theoretical tryptic peptides that contain tyrosine 570 (EVGDpYGQLHK and REVGDpYG QLHK) have charges of ϩ2 and ϩ3, respectively (Fig. 4) , consistent with the migration of the peptides associated with tyrosine 570 (Fig. 3E, spots 2 and 3) . The sequence data obtained by MS ( Fig. 1 and 2 ) confirmed that the above theoretical peptides are actually present in the tryptic digest of JAK2.
Tyrosines 221 and 570 in JAK2 are phosphorylated in vivo. To confirm that tyrosines 221 and 570 are sites of autophosphorylation in JAK2 in mammalian cells in vivo, 293T cells transiently expressing JAK2, JAK2 Y221F, or JAK2 Y570F were incubated with [ 32 P]orthophosphate to metabolically label cellular proteins.
32 P-labeled JAK2 was isolated, and 2-D peptide mapping was performed. In preliminary experiments, insufficient 32 P was incorporated into JAK2 for analysis. Because the JAK2 binding protein SH2-B␤ dramatically stimulates the kinase activity of JAK2 and, correspondingly, its autophosphorylation (41), SH2-〉␤ was expressed with JAK2. In addition, prior to lysis, the cells were pretreated with pervanadate for 6 min to inhibit phosphatases. Compared to overexpression of JAK2 alone, the combination of expression of JAK2 with SH2-〉␤ and treatment with pervanadate increased the 32 P incorporated into the recovered JAK2 by a factor of 5, from 1,740 cpm to 8,540 cpm (data not shown). In an effort to move the spots that migrate directly above the origin to the left and thereby improve the ability to visualize these spots, the 2-D peptide maps in Fig. 5 were run at pH 3.5 in the TLE direction. Changing from pH 1.9 to pH 3.5 decreases the charge on the carboxyl group at the C terminus of each peptide by 0.5 (8) . Thus, in the TLE direction, the peptides on average would run 0.5 charge units to the left of where they would run at pH 1.9. Multiple spots were detected in the 2-D peptide maps of metabolically labeled JAK2, JAK2 Y221F, and JAK2
Y570F. The distribution of the spots in the in vivo maps was similar to that in the maps of JAK2 phosphorylated in vitro ( Fig. 3C to F) . As previously seen for in vitro-labeled JAK2, spot 1 was not present in the 2-D peptide map of JAK2 Y221F (Fig. 5B) , and spots 2 and 3 were not present in the map of JAK2 Y570F (Fig. 5C) . Thus, the in vivo results correlate with the results seen following the in vitro kinase assay. The decrease in the distance migrated by the spots associated with tyrosine 570 at pH 3.5 relative to that for the other spots in the map likely arose from a decrease in the total charge associated with the peptide. A charge-charge interaction, perhaps between the side chains of the adjacent histidine and arginine residues in the peptides containing tyrosine 570, could decrease the total charge on the peptide at pH 3.5 more than at pH 1.9. The results shown in Fig. 1 to 5 substantiate that JAK2, when overexpressed in either mammalian 293T cells or Sf9 insect cells, is phosphorylated on multiple tyrosines, including tyrosines 221 and 570. Tyrosines 221 and 570 in JAK2 are phosphorylated in GHactivated JAK2. The binding of GH to its receptor is known to activate JAK2 (3). In 3T3-F442A cells, endogenous levels of JAK2 and GH receptor (GHR) are sufficient to detect GHdependent phosphorylation of JAK2. To determine whether phosphorylation of JAK2 on tyrosines 221 and 570 occurs in response to physiologic stimuli, 3T3-F442A cells were stimulated with 30 ng of GH/ml (1.4 nM) or vehicle for 15 min. The cells were solubilized, and JAK2 was immunoprecipitated with ␣-JAK2 and subjected to an in vitro kinase assay in the presence of [␥-32 P]ATP (Fig. 6A) . The 2-D peptide map of the JAK2 isolated from GH-treated cells (Fig. 6B) had clear similarities to the peptide maps of JAK2 isolated from 293T cells transfected with JAK2 ( Fig. 3 and 5 ). Spots 1, 2, and 3, identified as peptides containing tyrosines 221 and 570 in the experiments described in Fig. 3 and 5, were readily identifiable. The JAK2 in this experiment was isolated from cells expressing endogenous levels of both JAK2 and GHR and stimulated with physiological levels of GH. Thus, the results in Fig. 6 are consistent with tyrosines 221 and 570 in JAK2 being phosphorylated in GH-activated JAK2.
Tyrosines 221 and 570 are phosphorylated in response to GH. To verify that tyrosines 221 and 570 are phosphorylated in endogenous JAK2 in response to ligand activation, we ob- 32 Plabeled peptides corresponding to spots 1 and 2 were scraped from the cellulose plate used for panel C and subjected to phospho-amino acid analysis. Full-length JAK2 (starting material) was also subjected to phospho-amino acid analysis. The migration of phosphotyrosine (ptyr), phosphothreonine (pthr), and phosphoserine (pser) are indicated. tained phospho-specific antibodies directed against tyrosines 221 and 570 in JAK2. Because the phospho-specific antibody directed against tyrosine 570 in JAK2 [␣-pY(570) JAK2] has not been characterized, the cDNA for JAK2 or JAK2 Y570F was transiently transfected into 293T cells. Cell lysates were prepared, and proteins were blotted with ␣-JAK2. The expression of JAK2 was comparable (Fig. 7A, upper panel) . However, when the lysates were blotted with ␣-pY(570) JAK2, JAK2 was recognized, but not JAK2 Y570F (Fig. 7A , bottom panel). 3T3-F442A cells were then stimulated with 500 ng of GH/ml or vehicle. The cells were solubilized, and cell lysates were blotted with ␣-pY(221) JAK2 or ␣-pY(570) JAK2. Phosphorylation of both tyrosine 221 and tyrosine 570 was easily detected by 5 min, was maximal at 15 min, and had returned to basal levels by 60 min (Fig. 7B) . Blotting with ␣-JAK2 confirmed equal loading. These results clearly demonstrate that endogenous JAK2 is rapidly and transiently phosphorylated at tyrosines 221 and 570 in response to GH. Phosphorylation of JAK2 at tyrosines 221 and 570 regulates the kinase activity of JAK2. To begin to determine how tyrosines 221 and 570 influence JAK2 signaling, the effect of 32 P-labeled JAK2 was cut from the nitrocellulose and subjected to 2-D peptide mapping, with the TLE step performed at pH 1.9 (8) . The origin (ϩ) and spots whose migration is similar to spots 1, 2, and 3 in Fig. 3 tyrosine to phenylalanine mutations on JAK2 phosphorylation was assessed. The cDNAs for JAK2, JAK2 Y221F, JAK2 Y570F, and vector alone were transiently transfected into 293T cells. Cell lysates were prepared, and proteins were blotted with ␣-JAK2. The expression of JAK2 was comparable (Fig. 8,  upper panel) . Phosphorylation of tyrosine 1007 in JAK2 has been shown to be essential for kinase activity (14) . Therefore, to investigate whether mutating tyrosine 221 has an effect upon the kinase activity of JAK2, the blot was probed with an antibody prepared against a peptide containing pY1007 and pY1008 of JAK2. The ability of JAK2 Y221F to phosphorylate tyrosines 1007 and 1008 was severely compromised (Fig. 8 , second and fourth panels, compare lanes 2 and 3). To determine the effect on the ability of JAK2 to autophosphorylate, JAK2 was immunoprecipitated using ␣-JAK2 and precipitated JAK2 was blotted with ␣-PY. Mutation of tyrosine 221 in JAK2 to phenylalanine decreased the autophosphorylation of JAK2 (Fig. 8, third panel) . Based upon the antiphosphotyrosine blot shown in Fig. 8 , JAK2 Y221F was phosphorylated to only 40% of the level of wild-type JAK2. However, in the in vivo map of wild-type JAK2 (Fig. 5A ), there were eight spots that were darker than the spot associated with tyrosine 221. Thus, when compared to wild-type JAK2, the overall tyrosine phosphorylation of JAK2 Y221F decreased more than would be expected for the removal of the single site of phosphorylation at tyrosine 221. In contrast to the effects seen with JAK2 Y221F, when tyrosine 570 in JAK2 was mutated to phenylalanine, the phosphorylation associated with tyrosines 1007 and 1008 of JAK2 Y570F increased compared to wild-type JAK2 (Fig. 8, second and fourth panels). The ability of JAK2 Y570F to undergo autophosphorylation was also enhanced (Fig. 8, third panel) . These results suggest that phosphorylation of tyrosine 570 either serves as a binding site for an inhibitor of JAK2 or has some steric effect that decreases the activity of JAK2.
Tyrosine 570 is generally one of the darkest spots in 2-D peptide maps of JAK2 (Fig. 3C to E, 5A and B, and 6B). As mentioned previously, mutating a single tyrosine to phenylalanine often changes the relative amounts of phosphorylation detected at other sites. One of the most dramatic displays of this effect occurs with the JAK2 Y1007F mutant. In light exposures of a JAK2 Y1007F 2-D peptide map, there was only one spot visible (Fig. 9) . When a darker exposure was obtained, it was apparent that this spot was the spot associated with tyrosine 570. For many tyrosine kinases, activation is thought to require two inactive kinase molecules coming into close enough proximity to allow the two kinases to transphosphorylate and thereby assume a more highly active conformation that exposes the ATP and/or substrate binding site. This mechanism of activation was first demonstrated for the insulin receptor (16) . Because the kinase domain of the insulin receptor and JAK2 are highly homologous (30) , it seems likely that JAK2 is activated by a similar mechanism. The JAK2 Y1007F mutant was essentially inactive and very poorly phosphorylated (Fig. 10, lane 4) . The essentially exclusive phosphorylation of tyrosine 570 in only marginally active JAK2 Y1007F raises the possibility that tyrosine 570 lies very close to the catalytic site of one of the JAK2s in the JAK2 dimer.
To monitor further the ability of the JAK2 mutants to phosphorylate cellular substrates, their ability to phosphorylate Stat5b was determined. Stat5b is a signaling molecule that is phosphorylated on tyrosine 699 in the presence of active JAK2 These results suggest that the ability of JAK2 to phosphorylate both itself and cellular substrates is increased in JAK2 Y570F compared to JAK2. Surprisingly, even though a decrease in phosphorylation at tyrosines 1007 and 1008 was detected in JAK2 Y221F, there was very little if any effect upon the ability of JAK2 Y221F to undergo autophosphorylation or to stimulate the tyrosine phosphorylation of Stat5b under the conditions used in this experiment.
DISCUSSION
In this study we have determined that tyrosines 221 and 570 in murine JAK2 are sites of autophosphorylation. These tyrosines were phosphorylated in in vitro kinase assays by constitutively active JAK2 prepared from 293T cells overexpressing JAK2 as well as from 3T3-F442A cells expressing endogenous levels of JAK2 and GHR and activated with a physiological concentration of GH. They were also phosphorylated in the constitutively active JAK2 isolated from both Sf9 and 293T cells overexpressing JAK2. When 3T3-F442A cells were treated with GH, JAK2 was rapidly and transiently phosphorylated at tyrosines 221 and 570. Phosphorylation peaked at 15 min and returned to basal levels by 60 min. In JAK2, tyrosine 221 is conserved in human, rat, mouse, and pig, but not puffer fish. A corresponding tyrosine is not present in JAK1, JAK3, or TYK2. Tyrosine 570 in JAK2 is conserved in human, rat, mouse, pig, and puffer fish. As with tyrosine 221, with the exception of JAK1 in chicken and fish there is no tyrosine corresponding to tyrosine 570 in JAK1, JAK3, or TYK2. Because the tyrosines at 221 and 570 in JAK2 are not conserved in JAK1, JAK3, or TYK2, phosphorylation of tyrosines 221 and 570 in JAK2 may initiate functions unique to JAK2.
Inspection of the sequence surrounding tyrosines 221 and 570 reveals that both lie within the sequence YXXL. Recently, two tyrosines were determined to be phosphorylated by JAK2 in the adapter protein SH2-B␤, and both of these were in YXXL motifs (34) . To determine the motif for other tyrosines phosphorylated by JAK2, the published literature was searched for tyrosines known to be phosphorylated by JAK2 or tyrosines that are presumed to be phosphorylated because they serve as binding sites for various signaling molecules in response to ligands that activate JAK2. The search identified 25 tyrosines in various proteins (Table 1 ). In 17 out of the 25 cases, these tyrosines are present in a YXXL or the closely related YXXI or YXXV motifs. For the majority of the sites listed in Table  1 , proteins with the appropriate tyrosine-to-phenylalanine mutation were overexpressed in cells that were then treated with ligand prior to assay. Because several kinases could have been activated in response to ligand, inclusion in this list does not prove that JAK2 phosphorylates these sites. In fact, in the case of erythropoietin-dependent phosphorylation of CrkL, when Lyn and JAK2 were isolated from cells stimulated with erythropoietin and used during an in vitro kinase assay with CrkL as substrate, CrkL was phosphorylated by Lyn and not JAK2 (2) . However, the preponderance of YXX[L/I/V] motifs in the proteins in Table 1 and the fact that tyrosines at 221 and 570 in JAK2, tyrosines 439 and 494 in SH2-B␤ (34) , and the tyrosine at 1007 (14) denoted as JH1 to JH7. The JH1 domain is a tyrosine kinase. In the JH1 domain, phosphorylation of tyrosine 1007, a critical tyrosine in the activation loop of JAK2, has been shown to be essential for kinase activity (14) . The JH2 domain is a pseudokinase domain. In the N-terminal region of JAK2, domains JH4 to JH7 interact with GHR (15, 55) , erythropoietin receptor (24) , gamma interferon receptor (28) , and granulocyte-macrophage colony-stimulating factor ␤c subunit (61) . Recently the N-terminal domains JH4 to JH7 have been shown to have homology to FERM domains (17) . The FERM domain was originally recognized in band 4.1, ezrin, radixin, and moesin. These proteins are anchored to the cytoskeleton via interactions between their FERM domains and the cytoplasmic regions of transmembrane proteins that are associated with the cytoskeleton. Homology searches have detected FERM domains in a diverse group of proteins, including the tumor suppressor merlin, several phosphatases, the kinases focal adhesion kinase (FAK) and the JAKs (17) . The structure of the FERM domain has been solved for moesin (37) and radixin (20) . The FERM domain consists of three lobes. The F1 lobe corresponding to amino acids 37 to 115 in JAK2 has structural homology to ubiquitin; the F2 lobe, amino acids 146 to 258 in JAK2, has structural homology to acyl-coenzyme A binding protein; the F3 lobe, amino acids 269 to 387 in JAK2, has structural homology to phosphotyrosine binding/pleckstrin homology/Enabled/VASP homology 1 domains (17, 20, 37) . Tyrosine 221 in JAK2 lies in the F2 lobe in a 12-amino-acid linker between conserved regions 9 and 10 of the FERM domains (17, 20, 37) . When JAK2 was modeled using the structure of the FERM domain of moesin and radixin as templates, tyrosine 221 in JAK2 was predicted to be exposed to solvent (16) , as would be expected for a site of phosphorylation. Mutation of tyrosine 221 to phenylalanine does not alter substantially which tyrosines in JAK2 are phosphorylated. However, there is a substantial decrease in both the fraction of JAK2 in the cell that is phosphorylated and the fraction of JAK2 in the cell that is phosphorylated on tyrosine 1007. Both of these events are indicators of a decrease in the catalytic activity of JAK2 and indicate that the phosphorylation of tyrosine 221 may be necessary for JAK2 to achieve full catalytic activity. As mentioned previously, SH2-B␤ activates JAK2 (41) . SH2-B␤ retains the ability to enhance the tyrosyl phosphorylation of JAK2 Y221F (as well as JAK2 Y570F) (data not shown) (29) . Thus, tyrosine 221 (or tyrosine 570) in JAK2 is not required for SH2-B␤ to activate JAK2. Because the receptors that interact with JAK2 bind to the FERM domain of JAK2, the FERM domain presumably assumes different conformations to transmit signals from the receptor, through the FERM domain, and ultimately to the JH1 domain of JAK2. The ability to transmit signals from the FERM domain to the JH1 domain of JAK2 is suggested by the detection of GH-dependent signaling when JAK2 240-1129, which lacks the portion of the FERM required for binding GHR, and JAK2 1-511, which lacks the kinase domain, are coexpressed (22a). Giordanetto and Kroemer (16) have predicted that the isoleucine at position 223, as well as the phenylalanines at 236 and 240 in JAK2, bind to the box 1 region of GHR, erythropoietin receptor, and gamma interferon receptor previously shown to be required for association of receptor with JAK2. If Giordanetto and Kroemer's prediction holds true and this region of JAK2 does serve as the binding site for the various cytokine receptors, it seems highly likely that conformational changes in the region between tyrosine 221 and phenylalanine 240 (e.g., as a result of phosphorylation of tyrosine 221 or changes in receptor conformation due to ligand binding) would play an important role in the regulation of the kinase activity of JAK2. One could take this one step further and envision receptor binding itself stabilizing this region of JAK2 in a more active conformation, even in the absence of ligand binding or phosphorylation of tyrosine 221. Consistent with this hypothesis, the accompanying paper in this issue by E. P. Feener et al. (13) reports that when JAK2 is overexpressed with an erythropoietin receptor-leptin receptor chimera in HEK 293 cells, JAK2 Y221F is phosphorylated at wild-type levels. Further insight into the exact mechanism by which cytokine binding to cytokine receptors activates JAK2 is required to understand with more certainty why basal activity of JAK2 Y221F is significantly decreased compared to that of wild-type JAK2 but appears to be the same when assessed in the presence of Stat5 (in this study) or an erythropoietin receptor-leptin receptor chimera (13) .
Mutations in the FERM domain of JAK3 have also been associated with the loss of kinase activity. Three point mutations in the FERM domain of JAK3 initially identified in patients with severe combined immune deficiency inhibit the ability of JAK3 to bind ATP and thereby inhibit kinase activity. In addition, the binding of JAK3 via its FERM domain to the ␥ c receptor subunit is inhibited by the presence of the kinase inhibitor staurosporin. These studies suggest that communication between the kinase-containing JH1 domain and the receptor-binding FERM domain occurs in both directions (62) . Thus, in both JAK2 and JAK3 small changes in structure of the FERM domain introduced by point mutations can substantially alter the activity of the kinase. Presumably, in the case of wild-type JAK2 the phosphorylation of tyrosine 221 shifts JAK2 into a more active conformation.
Tyrosine 570 is in the JH2 domain (pseudokinase domain, amino acids 545 to 824) of JAK2 (22) . The orientation between the JH2 domain with the JH1 (kinase) domain of JAK2 is currently unknown, although Saharinen et al. (44, 45) have hypothesized that the JH2 domain negatively regulates the JH1 domain through direct intermolecular interaction. Therefore, in the 2-D peptide map of marginally active and essentially unphosphorylated JAK2 Y1007F, it is intriguing that tyrosine 570 is the predominant site to be phosphorylated. These data raise the possibility that when JAK2 is inactive, tyrosine 570 resides in close proximity to the catalytic site of JAK2. If JAK2 Y1007F is dimerized, the phosphorylation detected at tyrosine 570 might be catalyzed by either JAK2 in the JAK2 dimer. The molecular model of Lindauer et al. (16, 30) is more consistent with tyrosine 570 being phosphorylated as a result of an intermolecular interaction, since in this model tyrosine 570 is quite removed from its own catalytic domain.
In contrast to the decrease in JAK2 kinase activity seen with mutation of tyrosine 221, mutation of tyrosine 570 to phenylalanine increases the kinase activity of JAK2. Therefore, phosphorylation of tyrosine 570 in JAK2 presumably inhibits kinase activity. The basis for this inhibition is not yet known. The molecular model of Lindauer et al. (16, 30) predicts that tyrosine 570 lies between the JH1 and JH2 domains. Thus, one could envision phosphorylation of tyrosine 570 affecting the interaction between the JH1 and JH2 domains and thereby the activity of JAK2. Tyrosine 570 when phosphorylated could also serve as a binding site for regulatory protein. However, deletion of amino acids 521 to 745 in JAK2 does not affect the ability of JAK2 to bind SHP2 (60) . PTP-1B (32), SOCS1 (59), and SOCS3 (47) bind phosphorylated tyrosine 1007. Therefore, removing a potential binding site at tyrosine 570 is unlikely to diminish the ability of JAK2 to recruit the tyrosine phosphatases SHP2 and PTP-1B or the JAK2 inhibitors SOCS1 and SOCS3. Feener et al. (13) confirmed that mutation of tyrosine 570 does not alter the ability of SOCS3 to bind or inhibit JAK2. However, phosphorylation at tyrosine 570 could serve as a binding site for another as-yet-unidentified phosphatase. Alternatively, the effect of tyrosine 570 could be indirect. It is intriguing that in Stat5b the lower bands in the ␣-Stat5b blot were virtually absent when Stat5b was expressed with JAK2 Y570F (Fig. 10, lane 3) . These bands are thought to represent different phosphorylation states of Stat5b and in-VOL. 24, 2004 AUTOPHOSPHORYLATION OF JAK2 ON TYROSINES 221 AND 570 4965
clude phosphorylation on serine and threonine. Perhaps when tyrosine 570 is phosphorylated it functions as a binding site for a pathway leading to a serine/threonine kinase that inhibits both Stat5b and JAK2 activation. During the preparation of this report, we became aware that another group of investigators working independently had also used MS to show that tyrosines 221 and 570 in JAK2 are phosphorylated (13) . Feener et al. also saw an increase in the basal levels of JAK2 Y570F phosphorylation and activity, in agreement with our results. Using antibodies specific for each phosphorylation site, they showed that phosphorylation at tyrosines 221 and 570 in JAK2 occurs in response to IL-3 and in response to erythropoietin in cells expressing JAK2 and an erythropoietin receptor-leptin receptor chimera, consistent with our finding that tyrosines 221 and 570 in JAK2 are autophosphorylated by GH. Importantly, Feener et al. showed that following ligand stimulation, phosphorylation of JAK2 Y570F is substantially prolonged. Phosphorylation of tyrosine 570 was also detected in JAK2 Y1007F, Y1008F, suggesting that even when JAK2 has only marginal activity tyrosine 570 is still a target of phosphorylation. These results add further support to our hypothesis that tyrosine 570 in JAK2 plays an important role in the mechanism that down regulates JAK2 and in the absence of ligand helps maintain JAK2 in an inactive state. In contrast to our finding, Feener et al. reported no change in the level of basal phosphorylation of JAK2 Y221F detected by ␣-PY. Their detection of JAK2 Y221F phosphorylation at wild-type levels in the presence of an erythropoietin receptorleptin receptor chimera raises the possibility that the presence of receptor helps stabilize JAK2 Y221F in a more active conformation.
Summary. In this study we have used MS and 2-D peptide mapping to demonstrate that tyrosines 221 and 570 in JAK2 are prominent sites of phosphorylation in JAK2. When these two tyrosines are mutated to phenylalanine, the data suggest that the phosphorylation of tyrosine 221 increases the kinase activity of JAK2 while phosphorylation of tyrosine 570 has an inhibitory effect. Thus, these two tyrosines are potential regulatory sites in JAK2. Furthermore, when in vitro-labeled JAK2 Y1007F, in which the critical tyrosine in the activation loop is mutated to phenylalanine, is subjected to 2-D peptide mapping, tyrosine 570 in JAK2 is virtually the only site that is phosphorylated. This suggests that when JAK2 is inactive, tyrosine 570 might reside in close proximity to the active site of one of the JAK2s in the JAK2 dimer. Analysis of the sequences surrounding tyrosines 221 and 570 in JAK2 as well as tyrosines in other proteins that are known to be phosphorylated in response to ligands that activate JAK2 suggests that while the substrate-binding pocket of JAK2 may recognize other motifs, it favors tyrosines in the YXX[L/I/V] motif.
